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ABSTRACT
Alcoholic beverage consumption is associated
with an increased risk of upper gastrointestinal
cancer. Acetaldehyde (AA), the first metabolite of
ethanol, is a suspected human carcinogen, but the
molecular mechanisms underlying AA carcinogeni-
city are unclear. In this work, we tested the hypothe-
sis that polyamines could facilitate the formation
of mutagenic a-methyl-g-hydroxy-1,N
2-propano-
20-deoxyguanosine (Cr-PdG) adducts from biologic-
ally relevant AA concentrations. We found that
Cr-PdG adducts could be formed by reacting de-
oxyguanosine with mM concentrations of AA in the
presence of spermidine, but not with either AA or
spermidine alone. The identities of the Cr-PdG
adducts were confirmed by both liquid and gas
chromatography-mass spectrometry. Using a novel
isotope-dilution liquid chromatography-mass spec-
trometry assay, we found that in the presence of
5 mM spermidine, AA concentrations of 100 mM and
above resulted in the formation of Cr-PdG in genomic
DNA.TheseAAlevelsarewithintherangethatoccurs
in human saliva after alcoholic beverage consump-
tion. We also showed that spermidine directly reacts
withAAtogeneratecrotonaldehyde(CrA),mostlikely
via an enamine aldol condensation mechanism. We
propose that AA derived from ethanol metabolism
is converted to CrA by polyamines in dividing
cells, forming Cr-PdG adducts, which may be
responsible for the carcinogenicity of alcoholic bev-
erage consumption.
INTRODUCTION
Alcoholic beverage consumption is strongly associated with
an increased risk of certain types of cancers, especially can-
cers of the upper gastrointestinal tract (1). According to the
11th Report on Carcinogens, alcoholic beverage consumption
is classiﬁed as a known human carcinogen (2). While the
mechanisms underlying the effect of alcoholic beverage con-
sumption on cancer risk are not completely understood, it is
likely that acetaldehyde (AA), the ﬁrst metabolite of alcohol,
plays an important role. AA is a mutagen (3), a carcinogen in
animal models (4), and causes chromosomal damage, includ-
ing sister-chromatid exchanges (SCEs) and chromosomal
aberrations (CAs) (5). AA is currently classiﬁed as a suspected
human carcinogen (2).
AAisformedfromethanolbytheactionofalcoholdehydro-
genase (ADH), and subsequently converted to acetate by
aldehyde dehydrogenase (ALDH) (6). Variants of human
ADH or ALDH genes that are associated with increased AA
levels after ethanol consumption are protective against the
development of alcoholism (7). However, these same alleles
increase the risk of developing gastrointestinal cancer as a
result of alcoholic beverage consumption (8,9).
While cellular ADHs represent an important source of
AA, AA can also be formed in the human oral cavity by
the action of microorganisms, including yeasts and bacteria
(10,11). Owing in large part to microbial AA production,
AA concentrations in human saliva have been measured to
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doi:10.1093/nar/gki661be 100 mM under laboratory conditions, and by extrapolation
may be as high as 450 mM (10). Importantly, genetic variants
of ALDH2 and ADH1C that are associated with an increased
risk of cancer are also associated with increased salivary
AA levels after alcohol consumption (12,13).
The molecular mechanisms underlying the genotoxic
and carcinogenic effects of AA are not yet fully understood.
In DNA, AA has been shown to react with 20-deoxyguanosine
(dG) to form N
2-ethyl-20-deoxyguanosine (N
2-EtdG) (14).
Vaca et al. (15,16) detected elevated levels of this adduct
in animal models of alcohol exposure and in white blood
cells of human alcoholics. However, this adduct does not
appear to have signiﬁcant mutagenic properties in mammalian
cells (17,18), although it is mutagenic when bypassed by a
bacterial DNA polymerase (19). Moreover, while some other
biological effects of this adduct have been reported (20), it is
not clear how this speciﬁc adduct could be responsible for the
cytogenetic abnormalities (increased SCE and CA formation)
(5) that have been observed following AA exposure.
More recent studies have shown that several additional
adducts can be formed from AA and DNA. Notable among
these are a propano-dG adduct, a-methyl-g-hydroxy-1,N
2-
propano-20-deoxyguanosine (21,22) (Cr-PdG), which results
from the interaction of crotonaldehyde (CrA) with dG or
DNA. CrA is an environmental pollutant, and this adduct is
believed to be responsible for its mutagenic and genotoxic
effects (23,24). The Cr-PdG adducts are also endogenous
lesions (25), apparently derived from lipid peroxidation (26).
Other cyclic-dG adducts can exist in either of two forms,
ring-opened or ring-closed (27,28). In the case of acrolein–
PdG adduct, which is most similar to Cr-PdG, a structural
NMR study has shown that the ring-closed form predominates
in single-stranded DNA, while the ring-opened form is more
favorable in the duplex DNA (29). While similar structural
analyses have yet to be carried out with the Cr-PdG adduct, the
observations that the Cr-PdG adduct can form DNA–DNA
interstrand cross-links (ICLs) (30) and DNA–peptide cross-
links (31), and that the DNA–peptide cross-links occurred
more rapidly in double-stranded versus single-stranded DNA,
indicate that this adduct can also undergo ring-opening, and
this is likely to be favored in double-stranded DNA.
While these properties of the Cr-PdG adduct and its cross-
linkedderivativeswouldbe consistent with the observed geno-
toxic effects of AA, the 40 mM concentration of AA used
to generate this lesion in vitro (21) is in excess of what would
be generated in the human body from ethanol metabolism.
Recently, Sako and co-workers (32,33) have, however, shown
that histones or the basic amino acids arginine or lysine can
facilitate the formation of Cr-PdG from AA and dG or from
AA and DNA, although these studies were also carried using a
high AA concentration ( 594 mM) (33). These observations
prompted us to ask whether polyamines might also affect the
reaction of AA with DNA. Similar to histones, polyamines are
highly basic molecules. They are present in millimolar con-
centrations in mammalian cells (34) and concentrated in the
nucleus (35). Polyamines have been implicated in a wide
variety of cellular functions, including cell growth, differen-
tiation and regulation of nucleic acid synthesis (36) and more
recently in protection against oxidative damage (37,38). With
regard to genotoxicity, polyamines can inﬂuence chemical
carcinogenesis (39,40) and the genotoxic effects of ionizing
radiation (34,41). Therefore, in the present work, we tested the
hypothesis that polyamines could also facilitate the formation
of Cr-PdG from AA and dG or from AA and DNA. We found
that under physiologically relevant conditions, polyamines
stimulate Cr-PdG formation from AA and dG or from
AA and DNA by directly reacting with AA to generate
CrA. The implications of these results for understanding the
mechanisms by which alcoholic beverage consumption
increases the risk of cancer development are discussed.
MATERIALS AND METHODS
20-Deoxyguanosine, L-Arginine, shrimp alkaline phosphatase,
snake venom phosphodiesterase and pyridine were purchased
from Sigma Chemical Co (St Louis, MO). Spermidine tri-
hydrochloride and spermine tetrahydrochloride were from
Fluka Chemie GmbH (Buchs, Switzerland). AA and CrA
were from Supelco (Bellefonte, PA). AA was purchased in
multiple 1 ml glass ampoules, and a fresh ampoule was used
for each experiment. 20-Deoxyguanosine-
13C10,
15N5 was pur-
chased from Medical Isotopes (Pelham, NH), nuclease P1 was
purchased from Roche Diagnostics Corp (Indianapolis, IN),
N,O-bis(trimethylsilyl)triﬂuororacetamide (BSTFA) contain-
ing 1% trimethylcholorosilane and dialysis cassettes were
obtained from Pierce Chemicals (Rockford, IL). High-
performance liquid chromatography (HPLC) grade solvents,
acetonitrile from Burdick & Jackson (Muskegon, MI) and
water from Omnisolv (EMD Chemical Inc., Gibbstown, NJ)
were used as received. Biomax5 ultraﬁltration membranes
(5 kDa molecular mass cutoff) from Millipore (Bedford,
MA) were used to ﬁlter the digested DNA samples. Pig
liver DNA was isolated using high salt method (42).
HPLC
HPLC analysis was carried out using a Varian HPLC (Prostar,
model 210) with a UV-visible detector (Prostar, model 310).
Areverse-phaseVarianC-18column(Microsorb25 · 0.46cm
ID,5mm)wasusedforanalyticalapplicationsandaVarianC-18
semi-preparative column (Microsorb 25 · 1.0 cm ID, 5 mm)
wasusedforpreparativepurposes.Allanalyseswerecarriedout
using a water–acetonitrile solvent system (A: 100% water, B:
100%Acetonitrile;0–25min:0–15%B,25–30min:15–70%B,
30–40 min: 70% B, 40–45 min: 70–0% B, 45–60 min: 0% B;
Flow rate: 1 ml/min). Analytical injections were performed
using an auto sampler (Varian, model 430). In the preparative
HPLC, the ﬂow rate was kept at 3.76 ml/min in order to keep
the same retention time as in analytical HPLC. The chromato-
graph was monitored at 254 nm. The Cr-PdG fractions were
collectedusinganautomatedVarianfractioncollector(Prostar,
model 701) attached to the preparative HPLC.
Gas chromatography-mass spectrometry (GC-MS)
GC-MS analysis was conducted using a 6890N network GC
system with a 5973N Mass Selective Detector (MSD) (Agilent
Technologies, Rockville, MD). The column was a J&W
Scientiﬁc Ultra-2 fused silica capillary, (12.5 m, 0.2 mm
ID, 0.33 mm ﬁlm thickness) purchased from Agilent Techno-
logies. Ultra-high purity helium from Roberts Oxygen Com-
pany, Inc. (Rockville, MD) was used as the carrier gas. The
carrier gas ﬂow was set at 0.8 ml/min. The temperature at the
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280 C. The temperature program of the oven was started at
130 C and held for 2 min followed by a ramp of 8 C/min up to
280 C.Thetemperaturesettings oftheMSDwere 230 Catthe
ionsourceand150 Catthemassﬁlter. TheMSDwasoperated
based on electron ionization (EI). The selected-ion monitoring
(SIM) mode was applied for the quantiﬁcation of the adducts
using stable isotope-labeled internal standards. The column
head pressure was kept at 65 kPa. The samples were lyophil-
ized using a Flexi-Dry MP freeze drier from Kinetics Thermal
Systems (Stone Ridge, NY) prior to trimethylsilylation. The
lyophilized samples were dissolved in 100 ml of the mixture of
BSTFA and pyridine (1:1), and trimethylsilylated at room
temperature for 3 h in a closed vial. An aliquot of 3 mlo f
the derivatized sample was injected into the injection port of
the gas chromatograph using an auto sampler (Agilent Tech-
nologies, 7683 series injector). The inlet was adjusted to make
a split mode injection with 10:1 split ratio.
For the detection of CrA, the column ﬂow was reduced to
0.6 ml/min and the temperature program was started at 60 C
with 2 min of holding followed by a ramp of 15 C/min up to
280 C. These samples were injected without derivatization.
Liquid chromatography-mass spectrometry (LC-MS)
LC-MS analysis was carried out using an Agilent Technolo-
gies 1100B Series system. The details of the system and
methods are described elsewhere (43).
AA reactions with dG
In the reactions shown in Figure 1, 41 mM AA was added to a
solution containing 3.45 mM dG and 11 mM spermidine tri-
hydrochloride in phosphate buffer (0.1 M, pH.7.0) in a tightly
capped tube and incubated at 37 C for 48 h. In control reac-
tions, either AA or polyamine was omitted. The reaction mix-
ture was analyzed by HPLC at 254 nm. The details of the
concentrations used in other experiments are indicated in the
text or respective ﬁgures.
The dependence of Cr-PdG adduct formation on AA or
spermidine concentration was analyzed by LC-MS. For
AA dependence, the spermidine concentration was kept at
5 mM and the AA concentration varied from 25 to 500 mM
(Figure 3a). In the spermidine dependence reactions, the AA
concentration was kept at 200 mM and the spermidine con-
centration was varied from 500 mM to 5 mM (Figure 3b). All
these reactions were carried out using 2.61 mM dG in the
presence of 0.1 M phosphate buffer (pH 7.0) and an aliquot
of Cr-PdG-
13C10,
15N5 in tightly capped and ﬁlled reaction
tubes. The LC-MS analysis was carried out after incubating
the samples at 37 C for 36 h. After incubation, the reaction
tubes were kept open for 90 min at room temperature in a fume
hood to evaporate off the unreacted AA.
AA reactions with DNA
In the reaction of AA with DNA, 200 mg of DNA in 0.1 M
phosphate buffer (pH 7.0) was allowed to react with 25 mM–
4 mM AA in the presence or absence of 5 mM spermidine.
Reactions were carried out in tightly capped tubes for 36 h at
37 C.The DNAwas dialyzedagainst 0.5 M NaCl for24 h, and
then precipitated using cold ethanol. For the mass spectromet-
ric analysis, 50 mg of modiﬁed DNA was dissolved in a
mixture of 50 ml Tris–HCl (10 mM, pH 7.5) and 1.25 mlo f
1 M sodium acetate containing 45 mM ZnCl2. An aliquot of 3
U of nuclease P1, 0.002 U of SVPD and 16 U of alkaline
phosphatase were added and incubated at 37 C overnight.
Aliquots of isotopically labeled Cr-PdG and N
2-EtdG adducts
were added to the digestion mixture as internal standards.
Digested DNA samples were ﬁltered through an Amicon ﬁlter
(5 kDa MWCO) and injected into the LC-MS.
The concentration curves shown in Figures 3 and 4 were
generated and analyzed using Microsoft Excel.
RESULTS
To determine whether polyamines could facilitate the forma-
tion of Cr-PdG, dG was incubated with AA, polyamine, or
both in the presence of neutral phosphate buffer. Treatment of
dG with AA alone (Figure 1a) resulted in a single peak with a
retention time of 19.7 min. This peak is most likely a carbino-
lamine intermediate (with a Schiff base component) in the
reaction of AA with dG since it was unstable upon isolation
and reinjection, and could be converted to the stable adduct
N
2-ethyl dG by reducing agents (data not shown) consistent
with previous observations (21). Reaction of dG with polyam-
ine alone resulted in no detectable adduct formation (Figure
1b). However, when the AA reaction was carried out in the
presence of spermidine, neither the intermediate nor N
2-ethyl
Figure 1. HPLC chromatograms of (a) reaction of dG and AA; (b) reaction
of dG and spermidine; (c) reaction of dG, AA and spermidine. (d) Purified Cr-
PdG adducts;and(e) reactionofdG,AA andarginine.The peakelutingat19.7
min in (a) is most likely a carbinolamine intermediate, with a Schiff base
component. The peak eluting at 14 min is dG.
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(retention times: 1st peak, 23.5 min; 2nd peak, 24.5 min) were
observed (Figure 1c). The same two peaks were observed
when spermine was used instead of spermidine (data not
shown). These peaks were consistent with the properties of
the diastereomers of Cr-PdG adducts formed from the reaction
of AA in the presence of histone (33) and from the reaction
of dG with CrA (25,44).
To conﬁrm the identity of the peaks resulting from the
reaction of AA, dG and spermidine as Cr-PdG adducts, we
analyzed the Cr-PdG adducts prepared by directly reacting dG
with CrA. The synthetic Cr-PdG adducts derived from
the CrA reaction showed the same elution properties as
those from the AA and spermidine reaction (Figure 1d).
The areas under both diastereomer peaks were essentially
the same (1st peak/2nd peak ratio: 1.2/1). Preparation of
Cr-PdG adducts by incubation of dG with arginine and AA
(Figure 1e) also resulted in the same two peaks, although the
ratio of the peak areas (1st peak/2nd peak ratio: 1.77/1) was
clearly different from that observed with dG and CrA or with
dG, AA and spermine.
To rigorously conﬁrm their identities, the two adducts res-
ulting from the reaction of AA and polyamine with dG were
puriﬁed by preparative HPLC and analyzed by GC-MS
analysis after trimethylsilylation. Both diastereomers of the
Cr-PdG gave identical mass spectra (Figure 2b), which are
expected for Cr-PdG with four trimethylsilyl groups. Charac-
teristic ions were observed at m/z 625, 610, 365 and 350. The
ion at m/z 625 is the molecular ion (M
+ ) and the m/z 610 ion is
the typical (M-15)
+ ion, which results from the loss of methyl
radical (
 CH3) from M
+ . The ion at m/z 365 represents the
base moiety after cleavage of the sugar moiety. The most
intense peak at m/z 350 results from the loss of
 CH3 from
the base moiety, which is common in trimethylsilyl derivat-
ives. In the GC column, the second diastereomer of Cr-PdG (in
HPLC) elutes earlier than the ﬁrst diastereomer.
For quantiﬁcation purposes, we synthesized the isotopically
labeled Cr-PdG adducts using dG-
13C10,
15N5 and AA in the
presence of arginine. The mass spectrum of the trimethyl-
silylated Cr-PdG-
13C10,
15N5 gave the expected corresponding
mass spectrum of Cr-PdG with 15 additional mass units for
M
+  and (M-15)
+ ions and 10 additional mass units for ions
representing the base moiety (Figure 2c).
Initial attempts to detect the Cr-PdG adduct formation from
dG or DNA incubated with lower concentration of AA and
spermidine using GC-MS were unsuccessful, due to the partial
instability of the Cr-PdG adduct under GC-MS conditions.
While others have used either post labeling (25) or LC-MS
analysis of free Cr-PdG base (33), we chose to develop an LC-
MS assay for the Cr-PdG adducts. Analysis of synthetic Cr-
PdG adducts by LC-MS yielded typical ions at m/z 222, 338
and 360. The ion at m/z 222 represents the base moiety with
two additional H atoms (BH2
+ ion). The ion at m/z 338 cor-
responds to the protonated molecular ion (MH
+) and the ion at
m/z 360 is the sodium adduct ion (MNa
+). These types of ions
are typical of nucleosides in LC-MS analysis. The correspond-
ingionsfromtheisotopically labeledstandardwere atm/z232,
353 and 375, respectively. No ions corresponding to free dG
were observed from the puriﬁed adduct preparations, indicat-
ing that in contrast to GC-MS, the Cr-PdG adducts are stable
under LC-MS conditions.
Using LC-MS with isotope dilution, we next assessed the
dependence of Cr-PdGlesionformationwith dGinresponse to
different, biologically relevant concentrations of AA or sper-
midine. As shown in Figure 3a, Cr-PdG levels increase with
increasing AA concentrations in the range from 25 to 500 mM
(using 5.0 mM spermidine). Similarly, in the presence of
200 mM AA, Cr-PdG levels increased with increasing sper-
midine concentrations in the range 500 mM–2 mM (Figure 3b).
In both cases, the concentration curve data could be best ﬁt by
a third order polynomial function.
We next investigated the effect of varying concentrations of
AA on the formation of Cr-PdG adducts in DNA in the pres-
ence or absence of 5 mM spermidine. This value was chosen
as the high end of the physiological polyamine concentration
range (34). The identiﬁcation and quantiﬁcation of Cr-PdG
adducts were performed using the SIM mode, monitoring
the ions m/z 222, 338 and 360. Figure 4a illustrates a typical
SIM analysis of the Cr-PdG adducts with ion-current proﬁles
of the ions at m/z 222 and 338 (Cr-PdG), and m/z 232 and 353
Figure 2. (a) Total-ion chromatogram obtained during GC-MS analysis of
the synthesized Cr-PdG after trimethylsilylation; (b) mass spectrum of the




3516 Nucleic Acids Research, 2005, Vol. 33, No. 11(Cr-PdG-
13C10,
15N5). The dependence of the Cr-PdG adduct
formation in DNA on AA concentration is shown in Figure 4b.
In the presence of 5 mM spermidine, Cr-PdG adducts were
observed with AA concentrations as low as 100 mM, and
increased with increasing AA concentrations. The ratio of
the two diastereomers was 1.1:1. As observed in reactions
with AA, spermidine and dG (Figure 3), the data were best
ﬁt by a third order polynomial function. Under these same
conditions, we could not detect any formation of N
2-EtdG
(data not shown).
Spermidine reacts directly with AA to form CrA
The fact that we observed the same ratio of Cr-PdG diaste-
reomers from combined AA and spermidine treatment as we
did from CrA alone (Figure 1) suggested that spermidine
could directly react with AA to form CrA. To test this hypo-
thesis, we incubated AA in phosphate buffer with or without
spermidine and monitored the formation of CrA by GC-MS.
AA elutes at 0.62 min and CrA elutes at 0.82 min under these
experimental conditions. CrA was measured using the SIM
mode by monitoring the ions at m/z 39, 41, 69 and 70 (molecu-
lar ion). As shown in Figure 5a, CrA was produced by incub-
ating AA and spermidine together inthe presence of phosphate
buffer, but not by incubating either compound alone. CrA
formation from AA and spermidine was time dependent
(Figure 5b), and CrA formation could be detected from
100 mM AA incubated in the presence of 5 mM spermidine
(Figure 5c). Since no DNA or dG was present in these reac-
tions, the results indicate that spermidine directly reacts with
AA to generate CrA.
DISCUSSION
There is strong evidence to support an important role for AA,
the ﬁrst metabolite of ethanol, in carcinogenesis related to
alcoholic beverage consumption. However, the molecular
mechanisms underlying this effect are poorly understood.
The most commonly studied AA–DNA adduct, N
2-ethyl-
dG, has not been clearly shown to be mutagenic in mammalian
systems.AAhaspreviouslybeen showntocausethe formation
of the mutagenic DNA adduct, Cr-PdG, but only at supra-
physiological AA concentrations (21,33). Here, we show
that polyamines facilitate the formation of the mutagenic
Cr-PdG adduct from AA and dG or from AA and DNA.
Importantly, this effect was observed at a biologically relevant
(34) polyamine concentration, and with AA concentrations
overlapping the range that could result in human saliva
after ethanol consumption (up to 450 mM) (10). AA concen-
trations in other gastrointestinal tissues can be even higher;
AA levels as high as 2.7 mM have been detected in rodent






15N5 (m/z 232and 353,respectively)
obtained during LC-MS-SIM analysis after enzymic hydrolysis of pig liver
DNA (50 mg)treated with AA (1 mM) in the presenceof 5 mM spermidineand
0.1 M phosphate buffer at pH 7.0. (b) Dependence of Cr-PdG levels on AA
concentrationbythereactionofAAwithpigliverDNA(50mg)inthepresence
of5mMspermidineand0.1MphosphatebufferatpH7.0.D,firstdiastereomer;
 , second diastereomer.
Figure 3. (a) Dependence of Cr-PdG levels on AA concentration as measured
by LC-MS. dG (2.61 mM) was incubated with different concentrations of AA
in the presence of 5 mM spermidine, inset: AA dependence up to 500 mM.
(b) Dependence of Cr-PdG levels on spermidine concentration as measured by
LC-MS. dG (2.61 mM) was incubated with different concentrations of
spermidine in the presence of 200 mM AA in 0.1 M phosphate buffer at pH
7.0. D, first diastereomer;  , second diastereomer.
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formed from reactions with AA and dG can provide informa-
tion on the mechanism of lesion formation (21,46). Our obser-
vation that the ratio of the different diastereomers formed from
AA, spermidine and dG was the same as from CrA and dG
(Figure 1), suggesting the hypothesis that CrA, generated from
a reaction of spermidine with AA, reacts with dG to form
Cr-PdG. The 1.1:1 ratio of Cr-PdG diastereomers observed
inreactions with spermidine,AAandDNA wasalsoconsistent
with this hypothesis. The hypothesis predicted that AA could
react with spermidine to form CrA, and this prediction was
conﬁrmed by the experiments shown in Figure 5. Thus, based
on the results from three different experiments, we conclude
that AA reacts with polyamine to form CrA, which then reacts
with dG in DNA to generate Cr-PdG adducts. We note that
formation of CrA via an aldol condensation reaction of AA has
previously been proposed as a mechanism for the formation of
AA-derived protein adducts (47).
Based on the work of Sako et al. (48,49), the most likely
molecular mechanism of CrA formation from AA involves the
formation of an imine intermediate, by the reaction between
the amino group of the polyamine and the carbonyl group of
AA. This imine intermediate also exists in an enamine tauto-
meric form. These two forms can undergo charge polarization
followedbyanaldoltypecondensationreactionandtheelimin-
ation of two molecules of amine to ultimately form CrA
(Figure 6). In this mechanism, the polyamine appears to cata-
lyze the conversion of AA to CrA, and our data are consistent
with this possibility. However, more detailed kinetic and
mechanistic studies, which are beyond the scope of the present
work, would be necessary to formally conﬁrm this. Our obser-
vations do raise the possibility that in addition to AA, poly-
amines might stimulate such reactions with other endogenous
or exogenous aldehydes as well.
Polyamines are essential for cell growth, and polyamine
synthesis is tightly related to cellular proliferation, with
the highest levels being found in rapidly dividing cells (36).
Ethanol and AA increase cell proliferation in gastrointestinal
mucosa (50), and AA speciﬁcally has been shown to increase
mucosal levels of ornithine decarboxylase, the rate limiting
enzyme for polyamine synthesis (51). Based on our obser-
vations, this effect of AA would also make the cells more
susceptible to Cr-PdG formation from AA.
Lipid peroxidation has been considered as the main source
for the formation ofintracellular CrA. While it hasbeen shown
that Cr-PdG can be formed in vitro by treating dG with a lipid
peroxide-generating mixture (26), this does not necessarily
mean that the only mechanism for in vivo formation of the
lesion is lipid peroxidation. Polyamines are abundant in cells,
and AA is produced in cells during threonine catabolism (52).
Figure 5. (a) Time dependence of CrA formation. Ion-current profiles of the
ion at m/z 70 obtained during GC-MS-SIM analysis of the samples from the
reaction of spermidine (5 mM) and AA (different concentrations) in the pre-
senceof0.1MphosphatebufferatpH7.4.(i)1mMAA,(ii)500mMAAand(iv)
noAA.(iii)NoAAorspermidineand(v)6mMAAaloneinwater.(b)GC-MS-
SIM (m/z 70) profiles of time-dependent formation of CrA by the reaction of
spermidine(5mM)andAA(5mM)inpresenceof0.1MphosphatebufferatpH
7.4. (c) GC-MS SIM (m/z 70) profiles of CrA formed from the reaction of
spermidine(5mM)andAA(100mM)inthepresenceof0.1Mphosphatebuffer
at pH 7.4, 20 h incubation.
Figure 6. Summarydiagram to illustrate the mechanisms of AA-derived DNA
adduct formation and the proposed relationship of the Cr-PdG adducts to the
known cytogenetic effects of AA. The ring-opened (ro) and ring-closed (rc)
forms of the Cr-PdG adducts are shown. Other abbreviations: ss, single-
stranded DNA; ds, double-stranded DNA.
3518 Nucleic Acids Research, 2005, Vol. 33, No. 11Also, small amounts of AA may be produced as a byproduct
of repair of ethylation damage to DNA (53). Therefore, our
observation that AA is converted to CrA in the presence of
polyamines provides another potential source for the forma-
tion of Cr-PdG lesions and for endogenous CrA.
It has been shown that oligonucleotides containing Cr-PdG
can cross-link to peptides, and that this reaction is more rapid
in double-stranded than single-stranded DNA (31). DNA–
peptide cross-links can be considered as models for DNA–
protein cross-links (DPCLs). The Cr-PdG adduct can also
react with guanine on the opposite strand of DNA to form
a DNA ICL (22,30). These observations indicate that the Cr-
PdG adduct can exist in a ring-opened form, and could there-
fore form DPCLs or ICLs in vivo. AA has been shown to form
DPCLs in vitro (54), and these lesions are mechanistically
consistent with the observed increases in SCEs observed in
mammalian cells after AA treatment (55). The formation of
DNA ICLs is also mechanistically consistent with increased
CA observed after AA in cultured mammalian cells and in
lymphocytes from human alcoholics (56). Moreover, the
extent of AA induced CAs were dramatically elevated in
cells from a patient with Fanconi’s anemia (57), which are
knowntobe highly sensitive toCA formationwhenexposed to
compounds that form DNA ICLs (58).
Based on these considerations, the Cr-PdG adducts appear
to be good candidates for mediating the effects of AA on
alcoholic beverage related cancer. If this is the case, it follows
that in addition to genetic variation in ADH and ALDH genes,
polymorphisms in the genes encoding DNA repair proteins
that repair Cr-PdG adducts and their derivatives (DPCLs and
ICLs) would also affect susceptibility to cancer from alcoholic
beverage consumption. The observation (57) that cells from a
Fanconi’sanemiapatient are susceptible to CA formation after
AA exposure would suggest that investigating the role of
sequence variation in the Fanconi genes, including BRCA2
(59), on alcoholic beverage related carcinogenesis might be a
fruitful line of research.
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